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于 2080 cm-1 附近以 N 端吸附形式存在的 SCN-其 C-N 伸缩振动模(νC-N)可在
整个电势窗口内被观察到；在拉曼谱图中首先以 S 端吸附的 SCN-νC-N 肩峰形
式出现，继而随电势正移峰形逐渐明显。但值得注意的是，两种吸附构型的谱































The  system  gold  electrode‐thiocyanate  has  been  extensively  studied  for  decades  by 
infrared  and  Raman  spectroscopy.  However,  some  discrepancy  in  the  data  (especially 
regarding  to  the potential dependence of  the  frequency of  the band corresponding  to  the 
C‐N stretching mode) and, subsequently, with the adsorption configuration, makes necessary 
a  further  investigation  of  this  system  using  well‐defined  single‐crystal  surfaces.  The 
adsorption  of  thiocyanate  ions  at  single‐crystal  gold  electrodes  (Au(111))  from  a  neutral 
solution has been studied  in situ with shell‐isolated surface‐enhanced Raman spectroscopy 
(SHINERS)  and  surface‐enhanced  Raman  spectroscopy  (SERS),  for  comparison.  The  νC‐N  of 
N‐bound SCN can be observed throughout the whole potential range around 2080 cm‐1, first 
just as a  shoulder of  the band  corresponding  to  νC‐N of S‐bound SCN and afterwards as a 
well‐defined  band  at  more  positive  potentials.  However,  both  bands  are  overlapped 
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Small and simple ions are usually used as probe species in spectroelectrochemical 
studies of the electrode/electrolyte interface because of their well-known structure, 
which can be simply associated with the vibrational bands [1-5]. In particular, the 
system thiocyanate-gold electrode has been extensively studied for decades [2, 3, 6] 
(as earliest examples), since the pseudohalide ion thiocyanate exhibits ambidentade 
functionality with the possibility of either N or S coordination, or both, providing 
additional information related to the nature of the adsorption mode and the 
surface-adsorbate interaction by adsorption geometry changes and vibrational 
frequency shifts. 
This ion has been widely used as probe molecule for infrared and Raman 
measurements due to its strong adsorption on metal surfaces and the large cross 
section of the C-N vibrational stretching mode [7, 1, 2]. However, some aspects still 
remain unclear, as confirmed by the different results found in literature (and therefore, 
different explanations) mainly related to the dependency of the frequency of the C-N 
stretching with the potential. 
Despite Surface-enhanced Raman scattering (SERS) is a powerful technique for 
detection and characterization due to its high sensitivity, its development as an 
extensive technique for measuring was limited. First, for the restriction of using 
coinage metals (which support surface plasmon resonance (SPR) in the visible light 
region [8] and alkali metals, which limited the number of practical applications; and 
second, the condition of using roughened surfaces which exhibit a large enhancement 
but, on the other hand, show low reproducibility, impeding the utilization of 
atomically flat single-crystals which are of interest to the surface science community. 
The development of shell-isolated nanoparticle-enhanced Raman spectroscopy 














limitation and, in addition, contributing to finish with the ambiguous results obtained 
when studying the orientation of adsorbates and their potential dependence since 
SERS is an extremely surface-dependent process [8]. In consequence, precise 
comparison of the signal obtained from well-defined single-crystal surfaces and rough 
surfaces is needed since it can lead to a better understanding of the SERS mechanism. 
Since the use of SERS for analytical purposes requires a well-defined control of 
the measurement conditions in order to achieve good reproducibility and selectivity, 
the use of stable, uniform size distribution and controllable size nanoparticles are 
imperative requirements. Gold nanoparticles (Au NPs) synthesized by the 
Turkevich/Frens´method [10, 11] produce a more uniform particle size distribution 
than other reduction methods [12], what makes this method highly recommended for 
preparing Au NPs. The coating of nanoparticles with an external film (shell) was 
originally developed to prevent particle coalescence [13] (and references therein). 
However, many of the stabilizers affected the solid state properties of the 
nanoparticles, what gave as a result the use of silica as a coating material [13], since it 
is also chemically inert and optically transparent. This method of silica-coated gold 
nanoparticles was slightly modified by Li et al. [9] in order to reduce the reaction time 
and they applied it to perform Raman measurements, developing SHINERS and 
making possible to perform SERS measurements using typically non-active SERS 
substrates, such as platinum [14-16], Cu [17], rhodium [18] and even Ni superalloys 
















2. Experimental Methods 
 
2.1 Reagents. Chloroauric acid, (3-aminopropyl)trimethoxysilane (97%), sodium 
citrate solution (27% SiO2) and sodium perchlorate were purchased from Alfa Aesar. 
Sodium thiocyanate (≥ 98) was purchased from Sigma-Aldrich. All reagents were of 
analytical grade and were used as received, without further purification. The 
electrolytes were prepared using ultrapure Milli-Q water (18 M cm-1, 3 ppb TOC).  
2.2 Electrochemical measurements. A two compartment, three electrode 
Pyrex-glass cell was used for the electrochemical measurements. The working 
electrodes were a Au(111) single-crystal covered by Au@SiO2 nanoparticles and 
Au(polycrystalline), Au(poly) covered by Au NPs. A platinum wire was used as a 
counter electrode and a saturated calomel electrode (SCE), to which all the potentials 
in the text are referred, was used as a reference electrode. All electrochemical 
measurements were recorded on a CHI 631A electrochemical work station (CH 
Instruments, Shanghai, China) at room temperature. 
2.3 Preparation and characterization of Au@SiO2 nanoparticles. SHINERS 
nanoparticles (Au@SiO2 NPs) having a gold core (≈55 nm in diameter) and an 
ultrathin silica shell (≈2 nm) were prepared according to Refs. [10, 11]  and [13, 9], 
respectively. Briefly, the Au core was synthesized by sodium citrate reduction of 
AuCl4
-. The Au@silica SHINs were prepared by placing 30 mL of Au seed solution in 
a round-bottom flask, adding 0.4 mL of 1 mM (3-aminopropyl)trimethoxysilane and 
stirring for 15 min. A 27% solution of sodium silicate was diluted to 0.54% and 
adjusted to pH 10-11, using sulphuric acid. Afterwards, 3.2 mL of the diluted sodium 
silicate solution were added to the reaction mixture, which was stirred for 5 min at 
room temperature. The solution was stirred and heated to 90°C for 20 min to obtain a 














High resolution transmission electron microscopy (HRTEM) imaging was 
performed using a JEM-2100, operating at 200 kV. The images were takes with the 
NPs supported on 300 mesh ultrathin carbon film on holey carbon support gold grids. 
The Scanning electron microscopy imaging was recorded using a HITACHI S-4800, 
operating at 15 kV. 
2.4 Preparation of Au(111) and Au(poly) supported Au@SiO2 nanoparticles 
electrodes. Some of the resulting solution containing the SHIN NPs were placed into 
test tubes and centrifuged at 5000 rpm for 15 min. Once the supernatant was removed, 
concentrated SHINs were obtained and 5　L aliquot was cast on the electrode surface 
and dried in vacuum for 30 min. 
The Au(111) electrode was made from facets of single crystal beads. Prior to each 
experiment, the working surface was subjected to electrochemical polishing and flame 
annealing in H2 followed by cooling under N2 atmosphere. 
The polycrystalline gold electrode (Au(poly)) with 2 mm diameter,  was 
previously mechanically polished with alumina powder down to 0.05 　m to make a 
mirror finish surface, followed by sonication in Milli-Q water for 5 min. To obtain a 
SERS-active Au substrate, instead of performing the typical oxidation-reduction cycle 
(ORC) [6], which provides the necessary roughness, a monolayer of 55nm gold 
nanoparticles were deposited on the electrode surface. The enhancement from 
ORC-roughened surfaces and island films may be fairly reproducible when the laser 
spot is a few millimeters in diameter and an averaging effect is achieved, but that 
reproducibility decreases when a Raman microscope is employed and the laser spot is 
reduced to a few micrometers [20]. With covering the electrode surface with Au NPs, 
the enhancement factor increased [21] and better surface uniformity of the EC-SERS 














The Au(111) electrode was made from facets of single crystal beads. Prior to each 
experiment, the working surface was subjected to electrochemical polishing and flame 
annealing in H2 followed by cooling under N2 atmosphere. 
2.5 Raman measurements. All Raman spectra were acquired using a confocal 
microprobe Raman system (Xplora, Horiba Scientific). A 50x long working distance 
(8mm) objective was used for laser illumination and scattered light collection. The 
excitation line at 638 nm was provided by an internal He-Ne laser with 2.4 mW power 
on the sample and 1200 lines/mm grating. The diameter of the laser spot on the 
electrode surface was about 2 　m. The width of the slit was 100 　m and the 
diameter of the pinhole was 300 　m. 
3. Results and Discussion 
 
3.1 Nanoparticles characterization. Shell thickness and SHINERS intensity  
The metal particles must be small with respect to the wavelength of the exciting 
light [23]. Besides, the isolating shell, which is made of an inert-dielectric material 
preventing the direct contact between the core and the electrode acts like a spacer, 
leading to an exponential attenuation of the electromagnetic field as the thickness of 
the shell increases [24-26]. Therefore, an ultrathin shell (< 5 nm) is necessary. 
HRTEM images of Au@SiO2 nanoparticles with different shell thickness are 
shown in Figure 1. It is well-known that the thickness of the silica shell affects 
dramatically to the intensity of the Raman signal, since the SPR-based enhancement 
of Raman scattering depends critically on the inter-particle spacing of the 
nanoparticles [9]. This makes the preparation method of the nanoparticles to be an 
important factor to consider. The size of the shell can be easily changed increasing the 
heating time during the shell formation. In this example, to obtain a 2nm-shell, the 














thickness doubles (Figure 1-B), and subsequently, increases 1 nm thick more, 
approximately each 15 min (Figures 1-C and D).  
The dependence of the Raman intensity with the shell thickness is shown in 
Figure 2. The integrated Raman intensity decreases exponentially with the shell 
thickness and, for example, increasing the shell thickness from 2 to 4 nm provokes a 
decay in the signal of approximately 60%. 
The morphology of the nanoparticles was characterized using scanning electron 
microscopy (SEM). Figure 3 shows the SEM image of 55 nm Au core covered 
completely with 2 nm silica shell. The NPs show good uniformity along the substrate 
and a very narrow size distribution. 
Cyclic voltammograms of Au(111) single-crystal and Au(poly) in a solution 
containing 1 mM NaSCN in 0.1 M NaClO4 are shown in Figure 4 for comparison. 
Both surfaces show only capacitive current in the potential region studied. The 
electrochemical behaviour of both surfaces is very similar, suggesting that 
considerable similarity exists between both electrodes. The upper potential limit was 
selected to avoid gold dissolution which provokes the formation of Au-SCN 
complexes and the SCN- oxidation (see below). 
3.2 Raman Measurements 
The Raman spectra of SCN adsorbed on Au(111) surface at different NaSCN 
concentrations are shown in Figure 5, varying from 1 mM to 0.1 M at a wide potential 
range. A band around 2120 cm-1 is well-known to be the C-N stretching mode of 
S-bound SCN, νAu-SCN(C-N), and it is present throughout the potential region studied, 
in agreement with previous work [2, 3, 27, 28, 5]. Besides, a shoulder around 2080 
cm-1 is observed. It can be clearly observed during the whole potential range for the 














SCN. It weakens as potential is scanned to more positive values and disappears about 
0.4 V. Upon the reverse potential scan, this band reappears at about 0.2 V. 
Since the frequency of the band around 2080 cm-1 shifts to higher values as the 
potential increases, it is not reasonable to associate it with solution SCN which 
presents νC-N around 2057 cm
-1 [29, 30] but with N-bound thiocyanate (νAu-NCS(C-N)), 
which frequency range is commonly found around 2050-2080 cm-1 [27, 28, 31]. 
Actually, the differences in frequency are comparable to the uncertainties in 
evaluating νC-N peak frequencies, as both the S- and N-bound thiocyanate bands 
overlap [2]. Furthermore, the νC-N from bulk electrolyte is scarcely detected because 
of the good spatial resolution of the confocal microscope. 
The appearance of the band corresponding to N-bound thiocyanate was already 
slightly reported by Li [9], who inferred that the adsorption of SCN on Au(111) could 
be through both, the N or the S atom, as the band obtained for that single-crystal was 
much broader than that obtained for Au(100). However, from our knowledge, the 
existence of the N-bound SCN during the whole potential range was not reported the 
before, since in literature [2, 5], the presence the N-bound thiocyanate was always 
reported to appear only at more negative potentials. When a polycrystalline gold 
electrode is used (Figure 6) this feature cannot be so clearly observed compared to 
smooth surfaces. A shoulder appears at -0.1 V which distorts the band corresponding 
to νAu-SCN(C-N) until approximately to 0.1 V. This makes very difficult the exact 
calculation of the potential dependence of the νC-N frequency. Additionally, due to the 
overlapping of the two bands, the band corresponding to νAu-SCN(C-N) shifts to lower 














3.3 Tunning Stark slope 
The variation of the frequency of the C-N band for both, smooth and roughened 
surfaces, is shown in Figure 7, and it can be interpreted in terms of an electrochemical 
Stark effect [32]. There are three clearly differentiated areas as a function of potential 
with different values of : (I) From -0.4 to 0.4V, with ≈ 10 cm-1 
V-1; (II) from -0.2 to 0.2 V, with  ≈ -33 cm-1 V-1; and (III) from 0.2 to 0.4 V, 
with  ≈ 35 cm-1 V-1. Comparing the results in Figure 4, it can be said that 
both surfaces, smooth and roughened electrodes, have the same behaviour related to the 
shift of the frequency with the potential. Therefore, it seems it is not just a 
surface-dependent feature, and it could explain the different discrepancy of the results 
for the potential dependence of the band corresponding to νAu-SCN(C-N) in the 
literature, as the Stark slope was calculated without considering the contribution of 
N-bound thiocyanate. 
Weaver et al. [2], using gold roughened electrodes, attributed different results in the 
value of the calculated Stark slope due to different techniques employed, as 
potential-dependent variations in the adsorbate coverage and structure. In 1997, Tian et 
al. [33] concluded that it was difficult to assign the orientation of the adsorbed SCN just 
base on the frequency of the νC-N vibration, since the band was broad and both, N-and 
S-bound thiocyanate could contribute to it, mainly in the middle potential region. In a 
later work of the same group [34], three regions with different values of the Stark slope 
were reported (for iron electrodes). The smaller value of the Stark slope appeared at the 
lower potential region, and was attributed to N-bound thiocyanate; at middle potentials, 
highest value of the Stark slope was found, and it was attributed to S-bound SCN; 
whereas the bridging geometry was said to be found at the highest potentials studies. 
Another possible explanation was given in terms of the large polarizability of the S 
atom [35]. Since thiocyanate ions adsorb directly on the electrode surface, they assume 














orientations when the same potential is applied. Then, the smaller value of  
obtained for S-bound SCN is attributed to the weak charge transfer from its C-N group 
to the metal surface and the large polarizability of the adsorbed S atom. They assign the 
highest Stark slope at more negative potential to N-bound SCN, since the C-N bond is 
directly affected by the bonding interaction, and a significant charge transfer occurs 
from the C-N antibonding orbital to the metal. 
 In all cases, changes in the value of the Stark slope were described in terms of the 
electric field (Stark) effect as an important component of these potential dependencies. 
The small value of  for SCN may reflect the separation of the C-N group 
from the surface such it experiences a smaller electric field.  
Based on our results, we propose that changes in the slope are not due to different 
adsorption sites of SCN, but only S-bound thiocyanate, which bands overlaps with 
S-bound thiocyanate (mainly observed at intermediate potentials), what provokes a 
negative shift of the Stark slope. 
This is supported by observance of the metal surface-nitrogen vibration (νAu-N) 
during the whole potential region. In the low-frequency region, where the 
metal-adsorbate vibrations are located, a broad band around 240 cm-1 is diagnostic of 
a metal surface-sulfur vibration (νAu-S) and around 295 cm
-1 of metal surface-nitrogen 
vibration (νAu-N) [29, 30, 3]. These two bands can be observed along the whole 
potential range but, as expected, the νAu-N band is more intense at more negative 
potentials (≤ 0.0 V) in contrast to the νAu-S band, which is more intense at more 
positive potentials, suggesting that the N-bound thiocyanate is progressively replaced 
by the S-bound form at higher potentials. Little importance was given to these bands, 
since they present a very low intensity and it is difficult to obtain a well-resolved 
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